In the previous few years we have witnessed to an increased diffusion of positron emission tomography/magnetic resonance (PET/MR) tomographs and equally an increasing number of clinical studies with these hybrid devices in both the neurological and psychiatric fields. Although PET/MR contains many features that facilitate its application in brain imaging, accurate quantification is still hindered by difficulties in developing MR-based attenuation correction methods. In this paper, we have reviewed the three main methods currently used for attenuation correction in PET/MR: namely segmentation-based methods including, atlas and template. In addition to procedures based on the combination of PET emission data and MR anatomical information (or reconstruction-based methods). Many research centers are actively working to refine available methods and substantial improvements are expected in future years. Clinical studies using PET/MR focused mainly on neurooncological and neurodegenerative disorders. Simultaneous PET/MR was shown to provide very promising scientific results and to be logistically more convenient for patients. More studies are expected in the near future, as the availability of PET/MR and the clinical use of new tracers for neurodegenerative disorders will further increase.
INTRODUCTION
echnical developments in the last decade have permitted the construction of hybrid positron emission tomography/magnetic resonance (PET/MR) devices. In comparison to positron emission tomography/computed tomography (PET/CT) which is the current gold standard hybrid device used in routine clinical practice, PET/MR offers some advantages, including reduced ionizing radiation, improved soft-tissue contrast, the possibility to perform an MR-based motion correction and partial volume correction without an additional external acquisition and the acquisition of fused, simultaneous and multiparametric images that provide morphological and functional information [1] [2] [3] . The first PET/MR devices were built [4] [5] even before the introduction of PET/CT [6] . Despite more than two decades of extensive research on PET/MR, only a small number of centres are currently equipped with these devices [7] . Several technical difficulties make the combination of these two modalities challenging (see for review [3, 7] ) and PET/MR also presents some disadvantages.
From a logistical point of view, these disadvantages include high prices, the need for highly qualified interdisciplinary personnel for maintenance and possibly with the exception of only brain studies still limited clinical breakthroughs as compared to PET/CT [8] . The first integrated PET/MR imaging study of the human brain was published in 2008 [9] and in the last few years we have observed an increasing application of PET/MR in the neurological field [2] . In as far as brain imaging is concerned, the main disadvantage is represented by the difficulty of performing accurate attenuation correction, which is a prerequisite for quantification of PET data. In this article, we will concisely review the theoretical framework underlying the difficulties and also the possible solutions to address this problem.
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ATTENUATION CORRECTION IN PET/MR: THE GENERAL PROBLEM
Accurate quantification requires correction for attenuation of the 511 keV gamma rays. This is important for routine clinical studies as well as for more sophisticated research protocols requiring, for example, parameter estimation [10] . Photon attenuation is related to electron density. CT-based attenuation correction has been implemented in current hybrid PET/CT scanners. This correction is linear to the electron density. However, the MR signal depends on proton density and tissue relaxation properties, so that there is no relationship between MR image intensity and photon attenuation [10] [11] .
Additional challenges are represented by the fact that standard MR sequences provide only a very low signal in the skeleton because of the low proton density and the very short T2 of bone [3, 11] . Therefore, differentiation of bone and air through the MR signal obtained from standard sequences is not feasible. Since their attenuation coefficients are very different, alternative strategies are needed to be developed. Consequently, MR-based attenuation correction (MRAC) methods designed for cerebral studies must correct for bone attenuation [12] [13] [14] . For this purpose, ultrashort echo time (UTE) sequences as well as dual ultrashort echo (DUTE) were introduced; these sequences are able to visualize tissues with very short T2 relaxation time, such as the skeleton, with sufficient signalto-noise ratio [12, [15] [16] [17] .
All attenuating objects inside the field-of-view need to be corrected for. While this is true for any PET system, a particular problem of PET-MR hybrid scanners is represented by the fact that MR coils and other hardwarewhich are positioned close to the patient -induce photon attenuation but no significant MR signal in traditional sequences and their interference also needs to be accurately corrected for [3, 5, 9, 16] .
There are some general requirements of an "ideal" method of attenuation correction for PET/MR [3, 18] . Probably, the most important requirement is represented by the robustness against intra-and inter-subject variability in all brain regions, which results from the combination of accuracy and reproducibility, in order to avoid errors in the attenuation map and in quantification. The accuracy of these methods is tested against the attenuation correction obtained with CT, which is considered as the gold standard. Many factors, including hardware and software, ultimately contribute to the final robustness of a method. Since functioning of MR and PET software is independent, ideally the attenuation correction method for PET/MR hybrids should be simultaneous to the acquisition of PET data and not increase the total acquisition time, i.e. it should be performed rapidly.
METHODS FOR ATTENUATION CORRECTION FOR PET/MR
Schematically, MRAC methods can be divided into three main types on the basis of the technique applied to create the attenuation map.
1) Segmentation-based methods
A first class is represented by segmentation-based methods. These methods perform a segmentation of the various brain tissues and assign to each tissue class a predefined uniform linear attenuation coefficient. Segmentation-based methods are most frequently used and implemented in most commercial PET/MR devices. The ability to identify the number and the type of tissue segments largely depends on the MR sequences used. Anatomical regions are identified and assigned to the corresponding segments on the basis of the intensity of the MR signal or on the basis of their anatomical location. Segmentation-based methods usually use T1 [19] or UTE [16, 20] images.
In brain imaging, separation into three classes is generally adopted, as it is assumed that the histogram of attenuation values has three dominant peaks: air, soft tissue, and bone. The main advantage of segmentation methods is that they have the potential to account for the physiological intersubject and age-or pathology related variability in brain anatomy. This occurs because the procedure works on a voxel-by-voxel basis, i.e. very subtle changes in anatomy can be accurately processed [3, 14, 16] .
Segmentation methods have the following main limits: 1) segmentation errors and consequently classification errors may occur; for example, fine structures such as nasal cavities and cerebrospinal fluid (CSF) are sometimes misclassified [7] and lack of identification of the air cavities may introduce overestimations in adjacent brain areas [16] . This may be due to errors occurring during the execution of the mathematical function underlying the segmentation process and errors are favoured by limits in the available MR sequences [17] ). 2) Several components of PET/MR devices, such as the table and the radiofrequency coils, do not provide MR signal and attenuation correction: for these structures cannot be performed by MR segmentation. Ignoring the attenuation caused by the radiofrequency coil can introduce substantial underestimations in the cerebral PET values [16] . 3) Predefined μ linear attenuation coefficient values are subject-independent [3, 14, 16] .
2) Methods based on atlas or template
These methods work through a three-dimensional adaptation of a CT atlas or of an attenuation-map template in order to obtain the patient's attenuation map. Application of the same deformation (or registration) to the atlas CT image generates the desired pseudo-CT volume. A direct mapping from MR to CT intensities cannot be performed because of lack of linearity. Therefore, CT-maps indirectly derived from MR were named pseudo-CT [21] .
Several variants of this approach were published using non-rigid registration of measured attenuation maps [18, [21] [22] [23] [24] [25] or of an attenuation map produced from a tissue atlas [26] . These methods may work well, especially for the distinction of brain parenchyma, but they are often less accurate in regions with high anatomical variability [7] . Moreover, because of the anatomic adaptation during the registration process, these methods produce patient specific attenuation correction maps [18] .
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The advantage of this method is that the template provides structural anatomical information, which is directly related to electron density. In particular, since morphological information of the bone is already included in the template, the need of UTE acquisitions could be eliminated. Different μ-values for different anatomical regions can be incorporated in the model. A disadvantage is represented by the fact that templates are made by scanning normal subjects. Therefore, when used in patients, they can induce errors that are expected to a larger amount as much normal anatomy is disrupted by the disease [3] . Atlas-based methods use Dixon, T1-, and/or T2-weighted sequences [27] [28] .
Atlas-based methods and segmentation methods were recently combined in an attempt to improve the outcome of the attenuation correction with promising preliminary results [18] .
3) Methods based on the combination of PET emission data and MR anatomical information or reconstructionbased methods
These methods are based on iterative algorithms, and therefore are also referred to as reconstruction-based [29] . The most frequently used reconstruction function is the Maximum Likelihood reconstruction of Attenuation and Activity (MLAA). Many iterative programs have the capability to incorporate a priori anatomical or functional information in the reconstruction process [30] . Thus, the substitution of CT anatomy with MR anatomy has been a natural extension of these algorithms for PET/MR tomographs [31] . Incorporation of the MR information in the reconstruction loop to obtain the attenuation sinogram is a great advantage. Currently, these methods are those that require more evaluation for PET/MR brain applications.
The current availability of powerful software makes these computations sometimes demanding, technically possible and mathematically stable [32] . These techniques also have some important limitations: 1) a critical amount of radioactivity must be present in the anatomical regions in order to calculate regional values of the attenuation coefficient. While this holds true for tracers like [
18 F]-FDG, other tracers, such as radiolabelled choline or amino acid tracers, do not have sufficient uptake in the normal brain because their uptake is limited by the integrity of the blood brain barrier. 2) Attenuating objects outside the patient do not have emission and correction for such objects (e.g. coils) and is critical for PET/MR. 3) Scatter correction is more difficult and it can induce crosstalk between the estimation of attenuation and emission. Time-of-flight technology may improve the accuracy of the estimation of the attenuation map [32] .
APPLICATION OF MRAC METHODS IN THE CLINICAL STUDIES
The introduction of hybrid PET/MR systems allows simultaneous multimodality image acquisition of high technical quality. This technique is well suited for the brain considering that MR represents the first-line diagnostic imaging modality for numerous indications. Avoiding the repositioning of the patient improves co-registration and localization of anatomic structures and lesions [2] [3] . We will now briefly summarize the results of some clinical studies applied in neuro-oncological and dementia patients that have shown the increasing clinical impact of PET/MR.
Brain Tumours
MR is firmly established as a diagnostic and assessment method of choice for brain tumour patients and has found increasing use as a cancer imaging biomarker [33] [34] [35] .
Several quantitative MR methods (e.g., dynamic contrast-enhanced MR, dynamic susceptibility contrast MR, MR spectroscopy, and diffusion MR) have been used to improve cancer imaging. However, these MR techniques also have limitations, such as limited specificity. PET tracers for studying amino acid transport (e.g., ( 18 F]-fluoromisonidazole) have been demonstrated to have the potential to offset some of the existing limitations of MR for brain tumour diagnosis [33] [34] [35] [36] .
In neuro-oncology the better characterization of various tissue types by combined metabolic and morphological imaging is of great importance in the differential diagnosis of brain tumours, for grading, for the assessment of progression and the distinction between necrosis and recurrence; PET/MR also helps in the selection of the most promising place for biopsies and in the evaluation of treatment effects and provides better results than either technique alone [37] .
Henriksen et al. investigated the feasibility of simultaneous structural MR, blood volume (BV) derived from MR and FET-PET of gliomas using an integrated PET/MR scanner. They also evaluated the spatial and quantitative agreement in tumour imaging between blood volume MR and FET PET. A total of 32 glioma patients underwent a simultaneous FET PET/MR acquisition. Maximal relative tumour FET uptake as tumour-tobackground ratio (TBRmax), relative BVmax (rBVmax), and Dice coefficients were calculated to assess the quantitative and spatial congruence in the tumour volumes determined by FET PET, BV MR and contrast-enhanced MR. FET volume and TBRmax were higher in BV-positive than in BV-negative scans, and both BV and rBVmax were higher in FET-positive than in FET-negative scans.
TBRmax and rBVmax were positively correlated. FET and BV positivity were in agreement in 26 of the 32 (81%) patients and in 42 of 63 (67%) lesions and spatial congruence in tumour volumes determined by MR, as assessed by the Dice coefficients and PET was generally poor. This study demonstrated that, although tumour volumes determined by BV MR and FET PET were quantitatively correlated, their spatial congruence in a mixed population of treated glioma patients was generally poor and the modalities provided similar, but not identical, information in this population of patients [38] .
The potential role of hybrid gadolinium (Gd)-enhanced FET-PET/MR in distinguishing brain tumour recurrence Ciarmiello et al from radiation necrosis was investigated by Jena et al [39] . They analysed twenty-six patients with single or multiple contrast-enhancing brain lesions on MR after surgery and radiation therapy. Patients underwent simultaneous PET/MR and TBRmax, TBRmean, choline-to-creatine (Cho/Cr) ratios as well as rCBVmean and mean apparent diffusion coefficient (ADCmean) were determined.
Individually, TBRmax, TBRmean, ADCmean, and Cho/Cr ratios as well as normalized rCBVmean provided reliable differentiation between radiation necrosis, with an accuracy of 93.8% for TBRmax, 87.5% for TBRmean, 81.3% for ADCmean, 96.9% for Cho/Cr ratio, and 90.6% for normalized rCBVmean. The accuracy of both normalized rCBVmean and ADCmean was improved in combination with TBRmax or Cho/Cr ratio. However, TBRmax (or TBRmean) with Cho/Cr ratio yielded the highest accuracy, approaching up to 97%. Their findings suggested that FET uptake with Cho/Cr ratio and normalized rCBVmean could be most useful in distinguishing primary glioma recurrence from radiation necrosis [39] .
A very important advantage of PET/MR is also the reduction of radiation exposure taking place in paediatric patients. [ 18 F]-fluorocholine PET/MR scans were performed in 12 patients with proven astrocytic tumours [40] . Eight patients simultaneously underwent There was concordance between reduction in tumour size and reductions in SUVmax and SUVmean in four children, in three of whom ADCmean values were increased. In two patients, tumour size remained stable whereas SUVmax and SUVmean values were increased with reduction of the ADCmean values. Additionally, in two children, MR showed an increase both in tumour size and SUVmax but a reduction in ADC values [40] .
Neurodegenerative disorders
Neurodegenerative diseases include dementias, parkinsonian syndromes, corea and amyotrophic lateral sclerosis. In this group of disorders MR is frequently used as the initial examination in clinical routine to identify specific atrophy patterns and to exclude other pathologies. Similarly, brain PET has been used over many years to support the clinical diagnosis of neurodegenerative diseases [41] . The main advantage of PET with [
18 F]-FDG is its high sensitivity to detect pathologies at a molecular level, which can offer more sensitive or even earlier diagnoses, because these diseases start with biochemical processes that only lead to morphologic changes visible on MR after a certain time period [42] . In addition, new more specific PET tracers such as tracers that bind β-amyloid plaques, tau, α-synuclein aggregates or tracing dopaminergic pathways integrity, have the potential to increase the diagnostic abilities of combined PET/MR technology providing the possibility to improve the early and differential diagnosis of many neurodegenerative diseases [41, 43] .
In order to evaluate the qualitative performance of PET/MR in clinical neuroimaging, Hitz et al. compared results obtained with integrated PET/MR with conventional PET/CT in thirteen patients for assessment of cognitive impairment [44] . Attenuation and scatter correction were performed using low-dose CT for the PET/CT and segmented Dixon MR imaging data for the PET/MR. Comparison between PET/MR and PET/CT were assessed by evaluation of region-of-interest (ROI). Individual PET/MR and PET/CT datasets were compared versus a predefined independent control population [44] . Despite AC, lower measured PET signal values were found throughout the brain cortex in ROI-based quantification of the PET signal for PET/MR as compared with PET/CT. On the contrary, significantly higher relative signals in the subcortical and basal regions of the brain than the corresponding PET/CT images of the AC data.
Further insights into the development of cognitive disturbances have been obtained through PET studies of deposition of amyloid, tau, or other abnormal proteins of degenerative disorders. For example, Su investigated the impact of using a standard MR-based attenuation correction technique on the clinical and research utility of a PET/MR hybrid scanner for amyloid imaging [45] . [ 18 F]-Florbetapir was used as the radiopharmaceutical to detect beta-amyloid deposits. Forty subjects were enrolled in the study. The scans were obtained on a hybrid scanner with simultaneous PET/MR acquisition. In MR-based attenuation correction PET measurements were underestimated in comparison to the gold standard in the majority of the cerebral areas and they were slightly overestimated in subcortical structures. Moreover, there was an overestimation of SUVRs using the cerebellum as the reference region. The quantitative differences, however, did not affect visual assessment as either positive or negative [45] .
CONCLUSION
Technological developments in the last few years have contributed to an increased installation of PET/MR tomographs in selected centres and to an increasing number of neurological studies with these hybrid devices. While PET/MR has many features that facilitate clinical use in the neurological field, the main limitation lies in the difficulty of performing accurate quantification, which is often desired in brain PET imaging. We have briefly reviewed the three main methods currently used for attenuation correction in PET/MR tomographs. Segmentation-based methods and atlas-or template-based methods are the ones most commonly used today, whilst reconstruction-based methods still require some larger validation refinement. Quantification of brain PET values is very sensitive to the accurate segmentation of bone and generally to the precise quantification of bone attenuation. Many research groups are actively working to refine available methods and significant improvements have been completed in the previous few years.
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Clinical studies using PET/MR are increasing as the technique finds increasing clinical acceptance. An immediate advantage for the patient requiring both a morphological and a functional study is that both examinations can be performed at the same time in the same centre. Results of the limited studies available show that the use of PET/MR provides results overall comparable to those obtained by PET/CT and MR acquired independently. More studies are expected in the near future, as the availability of PET/MR and the clinical use of new tracers for neurodegenerative disorders will increase.
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